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We propose a mechanical qubit based on buckling nanobars—a NEMS so small as to be quantum
coherent. To establish buckling nanobars as legitimate candidates for qubits, we calculate the
effective buckling potential that produces the two-level system and identify the tunnel coupling
between the two local states. We propose different designs of nanomechanical qubits and describe
how they can be manipulated. Also we outline possible decoherence channels and detection schemes.
A comparison between the well studied charge and flux superconducting qubits suggests several
experimental setups which could be realized using available technology.
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Micro- and nano-electromechanical systems (MEMS
and NEMS) have attracted widespread attention because
of their broad spectrum of functionalities, their tiny sub-
micron sizes, and their unique position bridging micro-
electronic and mechanical functions1. Sophisticated tools
ranging from mirrors and sensors, to motors and multi-
functional devices have been fabricated2. As the size
of these devices shrinks, experimental studies of NEMs
are rapidly approaching the quantum limit of mechani-
cal oscillations3–5, where quantum coherence and super-
position should result in quantum parallelism and the
possibility of information processing. Many microscopic
objects, such as electron and nuclear spins, have been
suggested as quantum bits (qubits), the building block
of a quantum computer.
The emergence of quantum electromechanical devices
(see, e.g., Ref.1–5 and references therein) brings both
challenges, such as the inevitable and ubiquitous quan-
tum noise, and promises, such as macroscopic quantum
coherence5–7 or quantum teleportation8,9. Indeed, during
the past several years the quantum mechanical properties
of NEMS and how they can be coupled to other quantum
mechanical objects have been very actively studied10–15.
The experimental pursuit of these studies has so far fo-
cused on cooling a device to reach states where quan-
tum fluctuations in the lowest energy eigenmode domi-
nate over thermal fluctuations3,11. Such eigenmodes are
generally harmonic-oscillator modes with equal energy-
spacings and follow bosonic statistics.
Among NEMS there also exist systems that can be well
approximated by two levels in the quantum limit, so that
they might be candidates for qubits. For example, when
a longitudinal strain above a certain critical value is ap-
plied to a small bar with one or two ends fixed, there exist
two degenerate buckling modes, as schematically shown
in Fig. 1. In the quantum mechanical limit, these two
modes represent the two lowest-energy states. They can
be well separated from the higher-energy excited states,
so that at low temperatures the buckling nanobar can be
properly described as a two-level system. Furthermore,
since nanobars can be charged, the electric field can be
conveniently used to manipulate their quantum states.
The fascinating prospect of observing quantum coher-
ent phenomena in a macroscopic mechanical oscillator is
a main motivation of this study. To achieve this goal,
a NEMS needs to possess two general attributes: small
size and a high fundamental frequency. A carbon nan-
otube is a natural candidate: it is very thin (and can be
very short) while still being stiff16 (thus having high vi-
bration frequency) because of the strong covalent bonds
between carbon atoms within the graphene sheet17,18.
Recent experiments19 on suspended charged carbon nan-
otubes excited by a time-periodic electric field show a
pronounced anharmonic behavior. Moreover, the reso-
nance peak for one of the fundamental harmonics first
increases, as expected, and then surprisingly splits into
two sub-peaks when increasing the amplitude of the ex-
ternally applied electric field19. This unusual behavior
proves19,20 that the suspended carbon nanotube can be
described as a particle (associated with the center of mass
of the nanotube) moving in a double-well potential19,20.
This nanotube jumps between the two potential wells
due to either thermal activation or quantum tunnelling,
depending on temperature. Thus, the technology for fab-
ricating the suspended buckled carbon nanotubes, a can-
didate for a nanomechanical qubit, already exists19. In
view of the explosive growth of NEMS technology, here
we discuss the prospect of such buckling charged nano-
bars (the clamping at the base ensures an anisotropic
nanobar instead of an isotropic nanotube) as candidates
of quantum bits for quantum information processing.
Quantum state in a double-well potential.— The
double-well potential corresponding to the two buck-
ling modes takes the form: U(y) = −αy2 + βy4, with
α > 0, β > 0 (Fig. 1a). This potential has two min-
ima at y = ±y0 = ±
√
α/2β that are separated by a
potential barrier ∆U = α
2
4β . The first two energy levels
E1 and E2 in the right well can be estimated assuming
a parabolic potential well shape U ≈ mω2(y − y0)2/2
2with ω =
√
U ′′(y0)/m = 2
√
α/m. Thus we obtain
E1 = 3h¯
√
α/m and E2 = 5E1/3. Due to the quan-
tum tunnelling between left and right potential wells, E1
splits into two levels E±1 = E1 ± h¯∆t. The tunnelling
rate ∆t between the left and right buckled states is:
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∆t ≈ 2
π
√
α
m
exp
(
− π
√
2m(∆U − E1)
2h¯
√
α
)
, (1)
where ω0 is the classical oscillation frequency in each well,
a is the location of the turning point, corresponding to
the energy −∆U + E1.
Next we compare the quantum tunnelling probability
Pq and the thermal activation probability PT of transi-
tions between the two buckled states |R〉 and |L〉, which
would establish the threshold temperature below which
quantum behavior can be observed. These probabilities
could be simply estimated as Pq ∝ exp (−(2/h¯)
∫ a
−a
|p|dx)
and PT ∝ exp (−(∆U − E1)/kBT ), where T is the tem-
perature and kB is the Boltzmann constant. Thus, the
conditions for quantum tunnelling to dominate thermal
activation becomes: T < Tcrossover = h¯α/(kBπ
√
2m)
Below we estimate the crossover temperature for a com-
pressed charged elastic rod in a transverse electric field,
which has drawn a lot of theoretical interest (see, e.g.,
Ref.5).
The energy of a compressed charged rod in an external
electric field can be written as22:
Fb =
∫ lmax
0
dl
{
IE (y′′)2
2Y 2(l)
+ f (Y (l)− 1) + yf⊥
}
.
(2)
where y(l) is the transverse deviation from the straight
position, parameterized by the arclength l (0 ≤ l ≤ lmax)
and Y (l) =
√
1− (y′(l))2. Here we introduce the elas-
tic modulus E and the moment of inertia I of the rod,
the mechanical force f acting on the end of the rod
in the longitudinal direction, and the transverse force
f⊥. Hereafter, we use the notation d/dl ≡ ′ . If
the rod is charged, the transverse electric field E⊥ pro-
vided by a capacitor (Fig. 1b) can be used to pre-
cisely control the transverse force f⊥. Note that even
a rather small charge Q, which does not affect the stiff-
ness of the rod, is enough to achieve a desirable value
of f⊥, given a sufficiently strong electric field. We as-
sume a buckling mode y(l) = y0 sin(πl/lmax), which cor-
responds to a rod with hinged ends. The particular
choice of the boundary conditions at y(0) and y(lmax)
(e.g., y(0) = y′(0) = y(lmax) = y
′(lmax) = 0) does not
affect the results. Substituting y(l) into Eq. (5), and
expanding Fb up to y
4
0 , we obtain the potential energy
U as a function of the collective buckling coordinate y0:
U(y0) = α1y
2
0 + β1y
4
0 + (2lmaxf⊥/π)y0, where
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π2
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4
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4IEπ2
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− 3f
)
, (3)
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FIG. 1: (a) Double-well potential for a buckled nanobar. Due
to tunnelling from the right potential well to the left one,
the lowest energy level is split into two levels for f⊥ = 0 as
shown in the left panel. The lowest (blue) and the first excited
(red) levels correspond to the symmetric and antisymmetric
combinations of the wave functions localized in the left and
right potential wells. The energy level splitting between the
left and right states can be controlled by the transverse force
f⊥ as shown in the top right panel. (b) A buckled rod qubit
where the compressed force applied to the rod ends controls
the potential shape [α1 and β1 in Eq. (3)] and, therefore, the
energy splitting at the degeneracy point. The transverse force
f⊥ allows to drive the bar to a degeneracy point. (c) Another
proposed design for a buckled-rod qubit. In this case the
possible decoherence originating from the relative vibration of
the top and bottom rod holders can be avoided. By changing
the charge of the top capacitor plate and the charge of the rod
itself it is possible to independently control both the parallel-
to-rod electric field E‖ and its gradient. This design allows
a high level of control of both the tunnelling and the energy
splitting. (d) Single-shot measurements could be done via
either single electron transistor (SET) or photon reflection.
where fc = IEπ
2/l2max. This leads to
Tcrossover >∼
(
3h¯√
m
π6IE
16 l5max
)1/3
h¯
πkB
√
2m
(4)
We obtain Tcrossover >∼ 1.35K/l2.33max, with lmax measured
in nanometer.
Elastic rod in longitudinal and transverse electric
fields.— We now consider a novel and far more control-
lable design of a nanorod qubit, which is also free from de-
coherence coming from the relative vibrations of the rod
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FIG. 2: A schematic diagram for controlling the quantum
state of a nanobar via coherent oscillations at the degener-
acy point. Tuning the system to its degeneracy point can
be done by changing the perpendicular electric field E⊥. For
the case when E⊥ and E‖ is zero at t = 0, the perpendicular
electrical field E⊥ has to be applied first and then the longitu-
dinal field E‖ (e.g., at the moment marked by the solid circle
on the E⊥(time) curve). This initializes the system during
the stage (i). Switching off the perpendicular electric field
E⊥ brings the system back to its degeneracy point, and the
nanorod starts to oscillate a time ∆t during stage (ii). To ob-
serve coherent oscillations, measurements (e.g., optically or
electrically) must be done for many values of ∆t.
ends (Fig. 1c). In such a design we consider a “crossed”
electric field having a component E‖ along the rod and
another E⊥ perpendicular to the rod, which is clamped
to a substrate only by one end. In principle, changing the
charge of the top capacitor plate and the charge of the
rod itself can control both the electric field, E‖, on the
rod and its gradient, ∂E‖/∂x. The energy of the charged
rod can be written as
Fb =
∫ lmax
0
dl
{
IE(y′′(l))2
2Y 2(l)
+ f‖
∫ l
0
ds (Y (s)− 1)
+f ′‖
[∫ l
0
ds (Y (s)− 1)
]2
+ y(l) · f⊥
}
. (5)
By adjusting the different knobs, we can tune the rela-
tive strength between thermal activation and quantum
tunneling, allowing the observation of transition between
these two regimes.
Manipulation, decoherence, and detection of mechani-
cal qubits.— The manipulation of the mechanical qubits
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(induced by pressure or 
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Table: comparison of Josephson-junction superconducting
(JJ SC) charge, JJ SC flux and nano-bar qubits (QB).
can be achieved electrically (Fig. 2). For example, in
analogy to the Cooper pair box24 (see table), one can
prepare the nanobar qubit in the |L〉 state by setting a
transverse electric field towards the right (assuming the
nanobar is negatively charged). By suddenly turning off
this electric field and bringing the system to the degen-
eracy point, the nanobar state is prepared in a coherent
superposition of (|R〉 ± |L〉)/√2. Because of the tunnel
splitting, the system then starts to oscillate coherently,
with a frequency given by ∆t. After a period of time ∆t,
the qubit can be in either the |L〉 or |R〉 states. There-
fore, by detecting the nanobar position, as a function of
∆t (see Fig. 2), one can determine the coherent oscillation
frequency and the system decoherence. Driven coherent
transitions between the two qubit states can also be sim-
ilarly achieved. A sinusoidal component can be added to
the vertical electric field that is used to control the tunnel
coupling between the |L〉 and |R〉 states, in analogy to
the microwave driving force on the Josephson coupling in
a Cooper pair box. The study of free and driven coherent
oscillations of a nanobar would help clarify its quantum
coherence properties and demonstrate its feasibility as a
qubit.
Universal quantum computing requires two-qubit op-
erations. For charged nanobars, the inter-qubit interac-
tion comes naturally in terms of the electric dipole in-
teraction between the bars, quite similar to the dipole
interaction used in other proposed qubits. In the case
of nanobar qubits, one can again use the transverse elec-
tric field ET to tune selected qubits into resonance, then
apply microwaves to perform conditional rotations and
other operations.
4For NEMS, and for more conventional applications
such as resonators, major sources of noise25,26 (that limit
the quality factor Q) are internal thermomechanical noise
(such as heat flows due to inhomogeneous distribution of
strain), Nyquist-Johnson noise from the driving electrical
circuit, adsorption-desorption noise when a resonantor is
moving in a non-vacuum, noise from moving defects, etc.
In the quantum mechanical limit, some of these noises be-
come unimportant. For example, there should be no heat
flow: the nanobar should not be driven beyond its first
excited state. The NEMS can be placed in a vacuum to
reduce adsorption-desorption noise. The whole system,
including its electrical components, has to be cooled in
a dilution refrigerator in order to reach the two lowest
states of the nanobar, so that the Nyquist-Johnson noise
is also suppressed. The main source of quantum me-
chanical decoherence might be internal dissipation caused
by phonon-phonon interactions. Since the nanobars are
clamped onto a much larger substrate, in which lower
energy phonon modes exist, coupling at the base of the
nanobars could lead to relaxation/excitation of the qubit
states. Another source of decoherence would be charge
fluctuations. Charged nanobars allow increased maneu-
verability of the NEMS; but the surrounding and internal
charge fluctuators will lead to charge noises that cause
relaxation and dephasing of the qubit.
Single-Wall Nano Tubes (SWNTs) are a natural candi-
date for the mechanical qubit we consider here. However,
our proposal is not limited to them. Indeed, a multiple-
wall nanotube could provide a higher-frequency mechan-
ical oscillator and more favorable condition for observing
macroscopic quantum tunnelling and the coherent evo-
lution of mechanical motion, assuming motion between
walls can be effectively pinned. Silicon-based systems
provide another enticing alternative, especially from the
perspective of fabrication. While it might be difficult to
clamp several SWNTs to make identical nanobars (with
controlled inter-bar distance, same length, same buckling
orientation, and same response to external stress), fabri-
cating a lithographically-patterned silicon-based nanos-
tructure would be much more reliable. SiC nanobars
have shown higher stiffness18 compared to Si. Unless
nano-assembled nanotubes can be made with sufficiently
high precision, materials that can be lithographically fab-
ricated seem more promising candidates for a larger-scale
mechanical quantum information processor. This would
be an ironic turn of events, given that the first computers
(by C. Baggage) where mechanical.
The detection of the nanobar state can be done ei-
ther electrically3,14,27 or optically28,29. It has been shown
in recent experiments3 that single electron transistors
(SET) are very sensitive to small charge displacements.
Optical detectors can also be used, where light scattering
can detect the state of the bent nanorod (Fig. 1d).
Very recently, Ref.30 fabricated suspended nanobars
(driven by a 25 MHz current through an attached elec-
trode) switching between two distinct states. These sus-
pended nanobars have already been tested30 as very fast
and very low-power-consumption storage memory de-
vices. Still, many challenges lie ahead on the road to
practical quantum electromechanics. We hope that our
proposal here stimulate more research towards the ulti-
mate quantum limit of NEMS.
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